While many studies have examined the effects mechanical forces on vSMCs, there is a limited understanding of how the different arterial strain waveforms that occur in disease and different vascular beds alter vSMC mechanotransduction and phenotype. Here, we present a novel system for applying complex, time-varying strain waveforms to cultured cells and use this system to understand how these waveforms can alter vSMC phenotype and signaling. We have developed a highly adaptable cell culture system that allows the application of mechanical strain to cells in culture and can reproduce the complex dynamic mechanical environment experienced by arterial cells in the body. Using this system, we examined whether the type of applied strain waveform altered phenotypic modulation of vSMCs by mechanical forces. Cells exposed to the brachial waveform had increased phosphorylation of AKT, EGR-1, c-Fos expression and cytoskeletal remodeling in comparison to cells treated with the aortic waveform. In addition, vSMCs exposed to physiological waveforms had adopted a more differentiated phenotype in comparison to those treated with static or sinusoidal cyclic strain, with increased expression of vSMC markers desmin, calponin and SM-22 as well as increased expression of regulatory miRNAs including miR-143, -145 and -221. Taken together, our studies demonstrate the development of a novel system for applying complex, timevarying mechanical forces to cells in culture. In addition, we have shown that physiological strain waveforms have powerful effects on vSMC phenotype.
Introduction
Within the artery, vascular smooth muscle cells (vSMCs) compose the bulk of the cellular mass of the vascular wall and are exposed directly to pulsatile variations in pressure, leading to cyclic arterial distension and stretch. This dynamic mechanical environment is a powerful regulator of vascular homeostasis and the progression of vascular disease. Mechanical stresses regulate physiological functions such as vasomotor tone 1 and also contribute to pathological disease states by altering the atherogenesis 2 , atherosclerotic plaque rupture 3 and vascular hypertrophy/stiffening in hypertension 4 . In addition, in many clinical interventions such as angioplasty and stenting, high levels of mechanical strain to the arterial wall contribute to the formation of restenosis 5 .
Systems for applying mechanical stretch to cells in culture have been used for many years to study the mechanisms of vascular mechanotransduction. Fundamentally, the vast majority of these devices work on the principle of applying mechanical forces to a flexible substrate on which cells can be grown. These systems fall into several categories including those that apply uniaxial stretch through substrate extension, biaxial strain through substrate bending, biaxial strain through out-of-plane circular substrate distention and biaxial strain through inplane substrate distension (reviewed elsewhere extensively [6] [7] [8] ). Among these different configurations, in-plane substrate distension is the only one that produces a uniform strain field. This is essential for controlled studies in which well-defined strains are needed to understand the effect of different types of mechanical stress or to recapitulate the physiological environment accurately. In-plane substrate distension has been induced on cells by forcing a frictionless piston upward through a flexible culture membrane 9 , by applying pneumatic suction around a platen to a similar culture system 10 or by applying biaxial traction to a sheet of flexible culture membranes. These and similar systems have allowed the identification of mechanotransduction pathways responsive to cell stretch in a variety of cell types [11] [12] [13] [14] . In vSMCs, mechanical loading has been shown to activate many signaling pathways [15] [16] [17] , leading to alterations in morphology 18 , immediate early gene expression 19 , proliferation 20 , the release of stimulatory growth factors and cytokines 20, 21 and cell phenotype 18, 19, 22 .
Within the body, the pressure variations during the cardiac cycle produce a complex timedependent distension of the artery (arterial strain waveforms) that vary through the different vascular beds in the body [23] [24] [25] and are altered by vascular remodeling due to hypertension or atherosclerosis 26 . While the effects of mechanical forces are on vSMCs are widely recognized 14 , the vast majority of studies on vSMC biology take place in the absence of the physiological mechanical environment or under dynamic conditions of a simple sinusoidal waveform of strain. As a consequence, there is a limited understanding of the effects of strain waveform dynamics on vSMC biology independent of the maximum levels of strain.
Here, we present the design and validation of a novel device to apply complex mechanical strains to cells in culture. The system is platform based and, consequently, is easily adaptable to many standard formats including the standard 6-well cell culture plate geometry. The system also incorporates a feedback controlled, true linear motor as the prime mover and thereby provides a means to apply any arbitrary temporal strain profile for simulating the complexity of the in-vivo mechanical environment and systematically testing strain waveform features. The system has been validated to apply uniform strain profiles across the individual wells, addressing the issues of uniformity and repeatability in the multi-well format. We have used the system to examine whether physiological strain waveforms induce an altered biological response in comparison to the sinusoidal waveforms used in many prior studies. Our results support that the nature of the arterial distention waveform, independent of maximum stretch, can profoundly alter its resulting biological effects on vSMC mechanotransduction and phenotypic modulation by mechanical forces.
Methods

Design of multiwell device for applying uniform dynamic stretch
The device consists of three main parts: (1) a culture plate with flexible silicone culture surfaces; (2) a mobile platen containing low-friction, Teflon pistons that apply strain to the silicone membranes; (3) a linear motor with mounts to provide the forced movement of the platen on rails; and (4) a rigid frame that supports the motor, platen and culture plates. Cells were cultured in custom 6-well plates with silicone cell culture surfaces and were mounted to the top of the machine. The system uses a vertically mounted linear motor to push a platen with 36 pistons to displace the silicone culture surfaces and create strain on the cells.
General mode of mechanical strain application
There are several modes for applying strain to silicone membranes with cells in culture. These included in the fluid/pneumatic-based displacement, pin shaped indentation, and glass dome indentation 6 . We selected a low-friction based indentation of the membrane, as this has been shown to apply nearly homogeneous radial and circumferential strains. In the system, a PTFE flange bearing was used as a piston that created strain on the membrane through upward displacement of the fixed silicone membrane (Fig. 1A) . The cell culture plates were designed to exactly match the dimensions of a standard 6-well plate (Fig. 1B) . This design allows the use of the plates in the standard multipurpose plate readers, microscopes and robotic culture systems. The culture plate consisted of acrylic plate and aluminum base plate that were fastened together by six screws before mounting onto the machine (Fig. 1A) . Sandwiched between the plates was a 0.001" thick silicone membrane (Specialty Manufacturing). Two silicone gaskets were used to create a seal and prevent leaking. The silicone membranes were coated with 10 µg/ml type I collagen overnight before cells were seeded into the culture wells. A gas permeable polystyrene lid was used from standard 6-well plates. A custom-mounting jig was used to ensure uniform and consistent tension in the membrane when mounted on the plate.
A platen was used to support the PTFE pistons during the motion and displacement of the membrane within the culture plates. The PTFE pistons were sandwiched between two plates to form a platen with 36 individual pistons (Fig. 1C) . The platen was mounted with six, linear bearings and attached to the machine through six case-hardened rods (Fig. 1C,D) . These rods supported the vertical motion of the plates and maintained a tight tolerance on the parallel motion of the plate relative to the culture plates and the top plate of the machine. A central mounting hole in the platen allows it to attach to a linear motor placed underneath the plate. When at rest, the entire platen is supported by six springs attached to the rods and held in place with shaft collars. This reduces the static load on the motor and prevents the platen from moving when the motor is turned off.
The prime mover of the system was a linear motor capable of producing a maximal load of 744 N and continuous load of 215 N. The motor is hygienically sealed and is feedback position controlled with incremental encoder output and digital Hall effect sensor. A potential limitation of the linear motor is the excess heat produced from the passage of current through the coils. Heating is a particular challenge in that we wished to design a system that could go into a standard incubator. The typical culture incubator is designed only to heat from room temperature to a desired temperature (eg. 37°C). Consequently, if the motor heats the incubator beyond this range there is no cooling mechanism to deal with the excess heat. The linear motor was encased in a housing that had flow channels within it to allow the circulation of fluid near to the coils of the motor. However, at the force levels required for these studies cooling was not necessary. Structurally, four support rods connected the top and bottom plates of the system. The six motion rails also provided support and stability between the top and bottom plates.
Quantification of the strain on culture membrane
The strain values were calibrated by measuring changes in radial and circumferential ink marks. Distances between dots along the radial axis were measured to find the radial strain. Circumference changes were measured to find circumferential strain. The dots and circles were marked with an industrial grade permanent pen on a silicone membrane using a customized stencil on paper. The membrane with stencil marks were stretched from base 0 to 500 counts at increments of 100 counts on the machine. At every increment, pictures were taken using Nikon D3100 camera mounted on a boom stand. Six pictures were taken per well, resulting in total of 36 pictures. These pictures were converted to TIF file format using Adobe Photoshop. Next, distances between the dots and the circumference on the TIF images were then measured using MetaMorph software by drawing a line between the dots and circles around the circumference marks from the images. The strains were then found by calculating changes in the distance and the circumference relative to the initial 0 count. From this data, we were able correlate count increments on the machine to the strain applied to the membrane.
Cell culture experiments
Human vascular smooth muscle cells (Lonza) were grown in DMEM supplemented with 10% fetal bovine serum, 2% L-glutamine, and antibiotics. The cells were maintained in culture at 37°C under an atmosphere of 5% CO 2 R. The cell culture plates with silicone culture surfaces were assembled and using a UV sterilizer for 30 min of exposure time. Under sterile conditions, the plates were treated with a solution of 10 µg/ml of type-I collagen (Becton Dickenson) for 24 hours. Following collagen coating, the plates were washed three times with PBS and the cells were passaged onto the plates.
Immunofluorescence staining
Following application of mechanical strain, the cells were washed twice with PBS warmed to 37°C. The cells were fixed for 10 min in 4% paraformaldehyde. The cells were permeabilized for 5 min using PBS containing 0.1% Triton X-100. Primary antibodies to paxillin were applied overnight at 4°C in a humidified chamber. The cells were then washed three times with PBS and stained with fluorescently labeled secondary antibody and phalloidin for 90 min at room temperature. The samples were then washed extensively with PBS and coverslipped with anti-fade mounting media. The samples were imaged using an inverted confocal fluorescence microscope (Carl Zeiss). Ten images were taken from each well for each experimental group. For the color intensity a background image was taken and subtracted from the fluorescence intensity levels.
Gene and miRNA expression analysis
Messenger RNA (mRNA) and micro RNA (miRNA) were harvested from the cells following loading using methods previously described 2, 27 . mRNA and miRNA were isolated from samples using the RNeasy and miRNeasy kit, respectively (Qiagen). Using TaqMan Reverse Transcription Reagents and TaqMan microRNA Reverse Transcription kits (Invitrogen), isolated mRNA and miRNA were reverse-transcribed to create complementary DNA strands. Real time PCR was used to measure mRNA expression using SYBR Green (Applied Biosystems) and the following primers: GAPDH, EGR-1, c-Fos, cJun, desmin, calponin1, SM22, and tropomyosin (Table 1) . Similarly, the following miRNA expression was measured using TaqMan miRNA Assays (Invitrogen) for RNU48, miR-31, miR-143, miR-145, miR-221, and miR-222.
Immunoblotting and ELISA
Following mechanical loading the cells were assayed by western blotting as previously described 28 . Briefly, cells were lysed in 20 mM Tris with 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 2 mM sodium orthovandate, 2 mM PMSF, 50 mM NaF, and protease inhibitors. Lysates were run on NuPAGE 10% Bis-Tris Midi gel (Novex) and transferred to nitrocellulose membrane using iBlot Transfer Stack (Novex). The membranes were blocked for 1 hour in 5% non-fat milk in PBS with 0.01% tween-20 (PBST) and exposed to the following antibodies in 4 °C overnight in 1% non-fat milk: anti-phospho AKT, anti-AKT, anti-phospho ERK, anti-ERK, and GAPDH (Cell Signaling Technology). The membranes were washed with PBST, and incubated at room temperature for 2 hours with secondary antibody. The membrane was imaged using chemiluminescence camera (Cell Biosciences) after treating the membranes with SuperSignal West Femto Chemiluminescent Substrate (Thermo Scientific). The ELISA assay for FGF-2 was performed according to the manufacturer's instructions (R&D Systems).
Statistical Analysis
All results are shown as mean ± SEM. A two-tailed student t-test was used to compare two groups in the experiments. An ANOVA with Tukey's post hoc test was used to compare multiple groups of continuous variables. P < 0.05 was defined as being statistically significant.
Results
Calibration and assessment of strain uniformity
The overall completed system is shown in Fig. 1E . A key design parameter of our device was the application of uniform biaxial strain to the silicone culture membrane. We assessed both the static and dynamic strains that were produced by our system through by tracking dots on the membrane. We tracked the displacement of the dots during the application of load at different static piston displacements (Fig. 1F,G) . We also tracked the strain over time during application of for 24 hours with a cycle frequency of 1 Hz and a maximal strain of 10% strain (Fig. 1H ). We found that there was strain relaxation in the system over time that reduced the effective applied strain level in spite of constant maximal displacement. The flexibility of our device allowed us to compensate for this change by incrementally increasing the strain over time. This was done by increasing the displacement amplitude over time maintain constant strain on the material. For a 96-hour experiment, we had the amplitude increase linearly between that measured at time zero until reaching the appropriate compensated displacement to obtain the same strain at 96 hours. With this compensation, the new strain profile over 96 hours of cyclic loading maintained a constant maximal strain in the loading cycle throughout the experiment.
Reproduction of pulsatile arterial stretch waveforms
We next examined whether the system was capable of applying complex strain waveforms found in the arterial wall during the cardiac cycle. Arterial distension waveforms vary throughout the vascular tree 24, 25, 29 and their local effects on vSMC biology in-vivo are unknown. We duplicated arterial distension waveforms measured in human patients for aortic and brachial arteries and scaled them to have a maximal strain of 7.5% and total cycle length of 1 second (Fig. 2) . The range of arterial distensions under normal conditions ranges from approximately 2% and 10% strain depending on many factors. Thus, we chose 7.5% as a mid-range value to compare whether the waveform altered the biological response with a constant maximal strain.
Effect of stretching waveform on vSMC mechanotransduction pathways
The vast majority of the mechanistic studies that underlie our current understanding of vascular cell mechanotransduction have examined the effects of cyclic mechanical load on cultured cells using a sinusoidal waveform. To examine whether the strain waveform altered the qualitative and quantitative nature of the response of vSMCs to mechanical forces we applied mechanical stretch to cells in culture using a sine, aortic or brachial waveform. For these waveforms, maximal strain of 7.5% was set to be identical between the groups as well as the frequency for the waveform at 1 Hz.
Mechanical stretch waveform alters the extent of activation of the AKT and ERK pathways
Activation of ERK and AKT signaling pathways has been implicated in induction of early response gene expression 21 and proliferation in vSMCs following mechanical stretch 1, 3 . We loaded cells for 30 minutes and then examined the activation of these pathways by the cyclic strain waveforms (Fig. 3) . All of the waveforms enhanced the phosphorylation of ERK over static baseline levels. Interestingly, the aortic waveform had the most phosphorylation of AKT following stretch but the least ERK activation of the different waveforms, while the brachial waveform had the highest levels of ERK activation following mechanical stretch.
Stretch waveforms have a differential induction of intermediate early response genes and release of FGF-2
We then examined the acute signaling response of vSMCs to the different arterial stretch waveforms. Mechanical strain causes transient increase in immediate-early response genes including early growth response gene-1 (EGR-1), c-Fos and c-Jun 19 which act to increase the pro-inflammatory response of vSMCs including the upregulation of inflammatory growth factors/cytokines and cell adhesion molecules 18 and promotes vSMC proliferation 30 . We explored the differential response between the sine waveform and the physiological waveforms of the brachial arteries and aorta in their ability to activate initial signal events induced by mechanical stretch. We applied the different waveforms to vSMCs in the system for 30 minutes and assayed for gene expression of EGR-1, c-Fos and c-Jun. We found that the brachial waveform induced both EGR-1 and c-Fos by over three-fold in comparison to cells under static conditions (Fig. 4) . In addition, sine waveform caused an increase in EGR-1 expression but the aortic waveform led to a non-significant increase. In addition to the activation of early response genes, mechanical strain has been shown to induce FGF-2 release/production in vSMCs inducing a mitogenic response 21, 31 . We found that the aortic and brachial waveforms induced increased amounts of FGF-2 release, particularly at longer time points (Fig. 5) .
Stretch waveforms alter vSMC phenotypic modulation in response to mechanical strain
Cyclic stretch has been shown to increase the expression of contractile differentiation markers in vSMCs 15, 19 . We loaded cells for 24 hours and then examined the expression of several vSMC differentiation markers. Calponin is a key protein in regulating the contraction of vSMCs and is a late marker of vSMC differentiation in development 16 . There were increases in calponin for all groups with the greatest increase found in cells exposed to the brachial waveform (six-fold increase in comparison to a three-fold increase for the sine waveform; Fig. 6 ). Desmin is an intermediate filament and an early marker for muscle cell differentiation 20 . We found that there was a two-fold increase in desmin expression for cells exposed to the sine waveform. The physiologic waveforms induced desmin more strongly (four-fold for aortic and six-fold for brachial waveform). Transgelin (SM-22) expression was increased for the brachial waveform but decreased for the sine waveform in comparison to the static controls. Tropomyosin, a regulator of actin/myosin interaction during muscle contractions, was increased only in cells exposed to the aortic waveform.
Stretch waveforms differentially regulate focal adhesion and cytoskeletal remodeling in vSMCs
Cytoskeletal rearrangement occurs in response to alterations in vSMC mechanical environment 15 . For dynamic mechanical strains, this remodeling leads to the formation of actin stress fibers and focal adhesion complexes. We compared the effects of dynamic strain waveforms on cytoskeletal remodeling and the induction of focal adhesion complex formation. We found that there were nearly two-fold increase in actin stress fibers and paxillin in brachial waveform compared to the static experimental group. In contrast, we found that aortic waveform showed less actin fiber and focal adhesion formation (Fig. 7) .
Mechanical strain-induced miRNA expression is altered by cyclic stretch waveforms
Recent studies have shown that miRNA are essential in stretch-induced differentiation of vSMCs [32] [33] [34] [35] . In particular, miR-143 and miR-145 have been linked to promoting the differentiated state in vascular smooth muscle cells while miR-31 and miR-221/222 has been associated with the dedifferentiated/proliferative state 36 . For the sine waveform, expression of miR-222 was lowered but the expression of the other miRNAs examined was not affected by mechanical loading (Fig. 8) . In contrast, for both the aortic and brachial artery waveforms there were an over 12-fold increase in expression of miR-143 and significant increases in expression of miR-145 and miR-221. For the brachial waveform miR-222 was decreased whereas it was unaffected in the cells treated by the aortic waveforms (Fig. 8) .
Discussion
In this work we have created a system that can effectively apply dynamic loading in a format that is amenable to conventional well plate assays and imaging techniques. Using this system we have shown that, normalizing for the frequency of load application and maximal strain, the dynamics of the applied force to vSMC profoundly alter the end effects on signaling, gene expression, cytoskeletal rearrangement and phenotypic state. There are several prior systems, both commercially available and created by academic labs, that can apply mechanical stretch to cells in culture 6 . In comparison to these systems, the device presented here is novel in its incorporation of linear motor as the prime mover for applying mechanical strain. The linear motor and platform design incorporated in our device provides for improved dynamic control and frequency response. This is a key aspect for a system to duplicate complex arterial waveforms such as the brachial waveform used in the study. Even though this waveform repeats at a 1 Hz frequency, the complexity of the wave shape means that it contains high frequency components that are necessary for accurate reproduction of the in-vivo distention waveform. There is a limit to the frequency of loading that can be applied using systems with a silicone membrane both due to the viscoelastic properties of silicone and the frictional interface between the piston and the membrane. However, the silicone membrane systems can propagate fairly high frequency strain provided there is sufficient pretension in the membrane. Our calibration with the brachial and other complex waveforms suggest that the system is able to propagate the high frequency information needed to accurate reproduce these in-vivo waveforms. To our knowledge, the commonly used commercial systems have not been validated for applying these high frequencies and the previous studies on temporal delay would suggest that it may be challenging to produce these waveforms with a pneumatic system. A second novel aspect of the study was the dynamic adaptation of the waveforms to produce constant maximal strain over long periods of time. This calibration essentially removed the reduction in strain levels that occurs due to relaxation of the silicone membrane over time.
The linear motor provides improved dynamic control and also facilitates the system's modularity in allowing mechanical load to be applied in virtually any format by replacing the piston platen and culture plate. We used this flexibility to design a system that recapitulated 6-well plates of the exact geometry as standard culture plates. By modifying the piston and culture plate configuration the system could be modified easily to apply loads in other formats including 24-well or 96-well formats. The system also maintains the advantage of highly uniform biaxial stain application in the region of the piston contact with the membrane 9 in contrast to methods using pneumatic pressure or other piston designs 3 . In this regard, the rigid piston-based system may also possess better dynamic properties for applying strains of varying frequencies than other system types. A pneumatic system has an inherent time delay for the transfer of pressure and the compressibility of air may lead to inaccuracies in complex dynamic loading versus static or slow applied loading. The pneumatic time constant would dictate the ability of the system to apply higher frequency loads and may be a source of deviation of the dynamic strain from the predicted strain from static measure 3 . Simmons et al have also created a system that uses a similar pneumatic mechanism to stretch membranes over microposts 37 . For their pneumatic system alone (not accounting for the membrane motion) there was a 1 second delay before the pressure changes stabilizes between a step from 10 kPa to 50 kPa in pressure 3 but this would likely be highly dependent upon the dynamics of the particular system configuration. In contrast, our system used a feedback-controlled linear motor in which the primary limitation is the maximal force applied and the optimization of the control loop for producing the defined motions.
Using the system, we examined the effects of strain waveform independent of the maximal strain and the overall period of the mechanical loading cycle. We chose strain waveforms from clinical data to mimic the strains (although with scaled timing and magnitude) that are experienced in different vascular beds. To our knowledge, there have been no previous studies that have examined whether strain waveform shape alters the response of vSMC phenotype to mechanical strain. In our first set of studies, we examined the activation of the ERK and AKT signaling pathways by cyclic mechanical stretch. Both pathways were activated by all of the waveforms but for AKT there was an increase in relative activation for the brachial waveform. Interestingly, this waveform was the only one with a marked increase in EGR-1 following loading. AKT can phosphorylate EGR-1 leading to increased interactions with the alternative reading frame (ARF) protein 38 . A previous study found that low rates of strain led to a decrease in ERK phosphorylation whereas high strain rates increased its phosphorylation 39 . This finding would be consistent with our studies as for all three waveforms, the initial strain rate is above the low strain rate used in this study.
The EGR-1 transcription factor is known to be mechanically sensitive and is involved in atherosclerosis and intimal hyperplasia 40 . Several previous studies have shown activation of EGR-1 in vSMCs by mechanical stretch 19, 30 . These studies used high levels of maximal stretch (15 or 25% strain). Thus, a possible explanation for this difference is that in our studies the maximal level of strain was 7.5% whereas previous studies had used much higher levels of strain. It should be noted that physiologic circumferential strains in the artery do not normally exceed 10% strain 41, 42 . In our studies we found that EGR-1 was only induced by the brachial waveform and not by the sine or aortic waveforms. Thus, our work adds to the field by demonstrating that the responsiveness of stretch inducible signaling pathways and intermediate early gene expression in vSMCs is sensitive not only to the maximal stretch but the character of the stretch waveform applied. As arterial pulse waveforms are altered with vascular remodeling in hypertension and atherosclerosis 43, 44 , our work supports that these changes may contribute to altered vSMC behavior in these disease states.
Cyclic mechanical loading has been shown to drive vSMCs into a more differentiated state expressing markers of mature vSMCS 18, 19, 22 . Our studies now show that the character of the strain waveform applied to the vSMCs alters magnitude and extent of phenotypic modulation induced by mechanical load. Our studies show that the brachial and aortic waveform induced higher levels of mature vSMC markers, FGF-2 release and prodifferentiation regulatory miRNAs. Interestingly, the brachial waveform induced the greatest amount of cytoskeletal rearrangement and AKT phosphorylation. Taken together, these findings illustrate that vSMCs are sensitive to the nature of the mechanical forces applied rather than simply responding to any mechanical load with a binary on/off response. Thus, our findings give new perspective on the conclusions of many previous experiments using sinusoidal cyclic mechanical loading.
In recent years, microRNAs have been revealed as potent mediators of a variety of vSMC biology, atherosclerosis and intimal hyperplasia [45] [46] [47] . Several studies support that miRNA are essential in stretch-induced differentiation of vSMCs [32] [33] [34] [35] . In particular the miR-143/145 cluster promotes the differentiated state 36 . There was a striking difference in the regulation of miRNA expression in response to the physiologic strain waveforms in comparison to the sinusoidal loading. Both aortic and brachial waveforms stimulated large increases in miR-143, miR-145 and miR-221 expression. These results are consistent with the increased differentiated phenotype observed in vSMCs exposed to these waveforms suggesting differential mechanical regulation of miRNAs may underlie our findings on vSMC differentiation. While it is tempting to assume a universality to the results obtained from cultures exposed to sinusoidal waveforms of cyclic mechanical stretch, our results would suggest the nature of the loading has a highly potent effect on the signaling, gene expression and functional outcomes of the mechanical loading on vSMC biology.
In vitro experiments, animal studies and human studies have shown that mechanical stresses are powerful determinants in the regulation of arterial function, myocardial remodeling and the differentiation of progenitor cells in the vascular system. In order to more accurately recreate and parameterize the complex in-vivo environment, it is important to have precise control over the temporal stretch profiles that are applied to experiments using cultured cells. The system presented in this work provides a flexible and highly adjustable means to apply stretch to cultured cells by using a linear motor based piston array. The capacity to specify complex strain profiles and alter their character and magnitude independently of other factors enables the systematic characterization of the cells' responses to the mechanical environments representative of virtually any physiologic or disease state. Thus, the results acquired using this device may be valuable in studying cellular regulation and adaptation to mechanical forces in vivo in many biological systems. The cells were exposed to one of the various strain waveforms at an applied frequency of 1 Hz and maximal strain of 7.5%. The loading was applied for 30 minutes and then the cells were lysed for immunoblotting analysis. Two-way ANOVA statistical test shows significant difference to static, sine, and brachial group denoted with *, †, and ‡, respectively at P<0.05. Vascular smooth muscle cells were exposed to cyclic mechanical stretch of various strain waveforms. The loading was applied at 1 Hz with a maximal strain of 7.5% for 30 minutes. Following loading the mRNA was isolated and assayed using real time PCR. Two-way ANOVA statistical test shows significant difference to static, sine, and brachial group denoted with *, †, and ‡, respectively at P<0.05. Vascular smooth muscle cells were exposed to cyclic mechanical stretch of various strain waveforms. The loading was applied at 1 Hz with a maximal strain of 7.5% for 30 minutes, 4 hours, or 24 hours. Following loading, the media was collected and assayed using ELISA. Two-way ANOVA statistical test shows significant difference to static and sine group denoted with * and †, respectively. The cells were exposed to cyclic mechanical strain with 1 Hz frequency of the various waveforms scaled to have a maximal strain of 7.5% for 24 hours. The mRNA was then isolated and the assayed for gene expression using real time PCR. Two-way ANOVA statistical test shows significant difference to static, sine, and brachial group denoted with *, †, and ‡, respectively at P<0.05. The cells were treated with the waveforms at a frequency of 1 Hz and maximal strain of 7.5% for 4 hours. Scale bar shows 25 µm for original images and 5 µm for magnified images. Two-way ANOVA statistical test shows significant difference to static, sine, and brachial group denoted with *, †, and ‡, respectively at P<0.05. The cells were treated with cyclic biaxial strain for 24 hours and then assays for miRNA expression. Two-way ANOVA statistical test shows significant difference to static, sine, and brachial group denoted with *, †, and ‡, respectively at P<0.05.
